Proteolysis as mediated by one of the major cellular protein degradation pathways, the ubiquitin-proteasome system (UPS), plays an essential role in learning and memory formation. However, the functional relevance of immunoproteasomes in the healthy brain and especially their impact on normal brain function including processes of learning and memory has not been investigated so far. In the present study, we analyzed the phenotypic effects of an impaired immunoproteasome formation using a β5i/LMP7-deficient mouse model in different behavioral paradigms focusing on locomotor activity, exploratory behavior, innate anxiety, startle response, prepulse inhibition, as well as fear and safety conditioning. Overall, our results demonstrate no strong effects of constitutive β5i/LMP7-deficiency on gross locomotor abilities and anxiety-related behavior in general. However, β5i/LMP7-deficient mice expressed more anxiety after mild stress and increased cued fear after fear conditioning. These findings indicate that the basal proper formation of immunoproteasomes and/or at least the expression of β5i/LMP7 in healthy mice seem to be involved in the regulation of anxiety and cued fear levels.
Introduction
The cellular mechanisms underlying learning and memory involve a fine-tuned balance between protein synthesis and degradation (Fonseca et al., 2006; Jarome and Helmstetter, 2014; Karpova et al., 2006) . The critical importance of de novo protein synthesis for long-term memory formation (LTM) was verified by numerous studies that could reveal impaired synaptic plasticity and disrupted long-term memory storage after pharmacological inhibition of the translational machinery (Jarome et al., 2012; Lee et al., 2008; Levitan et al., 2016; Parsons et al., 2006) . Critically, growing evidence suggests an essential role of proteolysis within the context of learning and memory, mediated by one of the major cellular protein degradation pathways, the ubiquitin-proteasome system (UPS). Thereby, the UPS influences a variety of different aspects of synaptic plasticity dynamics. Bingol and Schuman, for example, demonstrated a redistribution of proteasomes from dendritic shafts to synaptic spines after synaptic stimulation indicating an important role of the UPS for the modulation of synaptic strength (Bingol and Schuman, 2005) . Furthermore, the UPS enables a reorganization of the protein composition at the pre-and postsynapse including the turnover of proteins that are crucial for synaptic vesicle homeostasis (Willeumier et al., 2006) , the quantity of neurotransmission receptors (Kato et al., 2005; Saliba et al., 2007; Schwarz et al., 2010; Widagdo et al., 2017 Widagdo et al., , 2015 and also structural components of the postsynaptic density (Ehlers, 2003; Hegde, 2017) . Next, the UPS-mediated degradation of inhibitory proteins like CREB repressors (Dong et al., 2008; Upadhya et al., 2004) as well as the transient regulation of histone modifications (Bach et al., 2015; Day and Sweatt, 2011; Zovkic et al., 2013) has been assumed to facilitate the synthesis and expression of proteins essential for LTM formation.
The process of specific intracellular protein degradation by the proteasome complex requires the transfer of ubiquitin moieties to https://doi.org/10.1016/j.bbi.2019.02.018 Received 21 August 2018; Received in revised form 22 December 2018; Accepted 20 February 2019 substrate proteins, which is a multi-enzymatic process (Bingol and Sheng, 2011; Budenholzer et al., 2017; Fioravante and Byrne, 2011; Mabb and Ehlers, 2010; Tanaka and Matsuda, 2014) . Proteins are polyubiquitinated by lysine 48 (K48) linked ubiquitin chains, recognized by proteasome complexes, and subsequently delivered to proteolysis. Thereby, various cellular mechanisms are controlled such as the quality and clearance of the protein pool, cell cycle progression, signal transduction, transcription, stress and starvation responses as well as the supply of antigenic peptides in order to induce an adaptive immune response. The proteasome complex consists of three different catalytically active subunits β1, β2 and β5 which are constitutively expressed. Elevated levels of interferons induce the expression and incorporation of the catalytically active subunits β1i/LMP2, β2i/MECL-1, and β5i/ LMP7 into newly formed immunoproteasome complexes (IPs) (Ebstein et al., 2012; Kloetzel and Ossendorp, 2004; Piccinini et al., 2003) . The replacement of constitutive proteasome subunits results primarily in an accelerated hydrolytic efficiency and altered cleavage specificity, which causes the generation of an altered and increased peptide pool (Ferrington and Gregerson, 2012; Seifert et al., 2010; Toes et al., 2001 ). Remarkably, low levels of IP expression were also detected in the brain (Gavilán et al., 2009; Piccinini et al., 2003) , but the precise role of IPs for normal brain function remains elusive. Thus far, the induction and presence of IP subunits in the brain has been mainly associated to age and age-related neurodegenerative diseases such as Alzheimeŕs, Huntingtońs and Parkinsońs disease, or amyotrophic lateral sclerosis (Díaz-Hernández et al., 2004 , 2003 Gavilán et al., 2009; Jansen et al., 2014; Mishto et al., 2006; Puttaparthi and Elliott, 2005; Vilchez et al., 2014) . Interestingly, IPs were also found in experimental epilepsy where β5i/ LMP7 is expressed in glia cells and also in neurons (Mishto et al., 2015) . Characteristic attributes of these pathologies are elevated cellular metabolic stress and consequently an increased formation and accumulation of protein aggregates. It has been suggested, that the higher levels of IP expression in neurodegenerative disease are a result of the increased demand for a fast and highly efficient degradation of these accumulating protein aggregates (Grune et al., 2010; Poppek et al., 2006; Seifert et al., 2010) .
The question arises, whether the higher proteolytic capacity of the IP is also required for normal brain function in addition to the standard proteasome under non-pathological conditions or after exposure to mild stress. In the present study, we analyzed the phenotypic effects of an impaired IP formation in established basic behavioral paradigms focusing on locomotor activity, exploratory behavior, innate anxiety, startle response, prepulse inhibition, as well as fear and safety conditioning. We used a mouse model constitutively lacking the inducible subunit β5i/LMP7 (Fehling et al., 1994) , which was shown to be pivotal for the proper maturation of IPs (Griffin et al., 1998) . Critically, wildtype littermates were used as controls to ensure comparable micromilieus.
Material and methods

Subjects
Male and female mice with β5i/LMP7 deficiency as well as their wildtype and heterozygous littermates at an age of 8-26 weeks were used for the present experiments. The mice were maintained under standard housing conditions in a 12 h light/dark cycle with lights on at 6:00 am and with free access to water and food. All experiments were performed during the light phase. Before an experiment, mice were taken in their home cages to the respective room containing the required experimental equipment. All experiments were conducted in accordance with the European regulations for animal experiments (2010/63/EU) and approved by the local authorities (Az. 42505-2-1172 & 1309, Uni MD).
Genotyping
For DNA extraction, tail biopsies were lysed overnight at 55°C under constant shaking with 900 rpm (Thermomixer comfort, Eppendorf) in TC buffer (100 mMNaCl, 10 mMTris-HCl, pH = 8.0) freshly supplemented with 4% protein kinase K solution (1% protein kinase K in 40% glycerol, 1 mM Calcium acetate, 10 mM Tris-HCl, pH = 7.5). On the next day, protein kinase K was inactivated for 10 min by a heating step of 95°C and shaking at 300 rpm. The PCR reaction mix contained 10 µl of the DreamTaq Green master mix, 0.5 µl of each primer (0.25 µM), 7 µl nuclease free water and 2 µl template. Primers for detection of the WT gene were β5i/LMP7wt-fw (5′ GGA CCA GGA CTT TAC TAC GTA GAT G 3′) and β5i/LMP7wt-rev (5′ CTT GTA CAG CAG GTC ACT GAC ATC G 3′). Primer β5i/LMP7wt-rev and Neofw_β5i/LMP7-KO (5′ CCG ACG GCG AGG ATC TCG TCG TGA 3′) were used for amplification of the β5i/LMP7 −/− gene. The following parameters were set for the PCR reaction: a single denaturation step (2 min, 94°C), followed by 35 cycles of denaturation (30 s, 94°C), annealing (45 s, 58°C) and synthesis (50 s, 72°C) and a final elongation step (10 min, 72°C) using a TProfessional thermocycler (Biometra). Amplified DNA fragments were separated using 1.5% agarose gels containing 0.006% Midori Green and 1x TAE running buffer at 70 V in a Compact M electrophoresis system (Biometra). DNA bands were visualized with UV-light (VilberLourmat E-Box-VX2-20MX).
Multiple tests and test order
The majority of mice were submitted to multiple behavioral tests. In the first week, the open field test, one day later the light-dark box test, and further two days later the prepulse inhibition test was performed. In the second week, fear conditioning was tested. In addition, we had separate groups of mice which were only tested in TMT-induced fear, light-dark box test after mild stress, or safety learning.
Open field test
To test locomotor activity as well as anxiety-related and exploratory behavior, mice were placed for 10 min into an arena with dark walls (45 cm × 45 cm × 30 cm;
illumination: approximately 5 lx). Movements of the animals were tracked by a frame with infrared light sensors (14 mm distance between two sensors, sample rate 100 Hz; TSE Systems, Bad Homburg, Germany). General locomotor activity (total distance moved), immobility and time spent in the center of the arena were analyzed.
Light-dark box
The box (49.5 cm × 49.5 cm × 41.5 cm) was divided into a bright and a dark compartment (135-310 lx vs. 0.2-1.5 lx). The two compartments had identical sizes and were separated by a divider with an 8 cm × 6 cm opening. Movements of the mice were detected by infrared sensors (distance: 14 mm; TSE Systems, Bad Homburg, Germany). For testing, the mice were placed into the dark compartment and could freely explore the box for 10 min. The latency to enter the illuminated compartment, the time spent and the traveled distance in each of the compartments, and the number of transitions were analyzed.
In a second light-dark box experiment, only male wildtype and homozygous β5i/LMP7-deficient mice were tested. These animals received foot shock stress 10 days before the procedure described above. The foot shock stress consisted of 5 foot shocks with an intensity of 0.7 mA and a duration of 1 s (interstimulus interval: 60-150 s), which were applied via a floor grid in the startle device (see below). After these foot shocks applications, the animals were put back into the home cages until the light-dark box test. Thirty minutes after the light-dark box test, animals were sacrificed and trunk blood was collected for the analysis of plasma corticosterone (CORT). CORT analysis was done in duplicates with a commercially available ELISA (ADI-900-097, Enzo Life Sciences, Lörrach, Germany).
TMT-induced freezing
This experiment was performed in a Makrolon type 3 cage (37.5 cm × 21.5 cm × 15.0 cm). The cage was located in a fume hood and covered with transparent Plexiglass during the experiment. A glass bowl (4 cm × 2 cm) was fixed on the center of one narrow side of the cage. The behavior of the mice was videotaped via an observation camera mounted on the ceiling of the hood. Video tracking and analysis of behavioral data were performed with EthoVision XL software.
Every mouse had a habituation session for 10 min without odor. On the next two days, mice were exposed to water and TMT (2,3,5-trimethyl-3-thiazoline; PheroTech, Delta, Canada), respectively, in a balanced order. First, 40 µl of water or TMT, respectively, were dropped on a filter paper localized in the glass vial. Then, the animal was put into the cage, close to the narrow site that is opposite to the glass vial and behavior was recorded for 10 min.
TMT is believed to be a component of fox feces and was used in numerous studies as a predator odor to induce defensive behavior in laboratory rodents (reviewed in Fendt et al., 2005; Fendt & Endres, 2008) .
Prepulse inhibition (PPI) of the acoustic startle response
A startle system (San Diego Instruments, San Diego, USA) consisting of sound-attenuating chambers (35 cm × 35 cm × 38 cm) equipped with high-frequency loudspeaker for delivering the acoustic stimuli was used. During the startle experiments, the mice were put into an acrylic cylinder (4 cm diameter; 10 cm length) which was fixed onto a horizontal plate with a transducer underneath. Animal movements (i.e., startle responses) were detected with the transducer, digitized for data acquisition (sampling rate: 1 kHz) and stored on a computer. The mean transducer output 10-30 ms after the startle stimulus onset was used as the startle magnitude and expressed in arbitrary units.
The PPI test started with an acclimatization time of 5 min, followed by 12 startle stimuli (white noise, 40 ms, 108 dB SPL) with an interstimulus interval of 20 s. Then, 6 blocks of the following stimuli were given in a pseudorandomized order: startle stimulus alone, startle stimuli with prepulses (interpulse interval: 100 ms) of 4, 8, 12 and 16 dB SPL above background noise (60 dB SPL).
Fear conditioning
A fear-conditioning system (TSE Systems, Bad Homburg, Germany) with four identical sound-attenuating chambers were used. Each chamber was equipped with infrared animal detection sensor frames, loudspeakers for the acoustic stimuli, light sources, and a ventilation fan (house light: 4 lx, background noise: 55 dB SPL). Delivery of all stimuli was controlled by the TSE Fear Conditioning software. To be able to differentiate between contextual and cued fear, two different contexts were created. Context A was a transparent Perspex box with floors consisted of stainless steel grids connected to a shock unit (46 cm × 46 cm × 32 cm). Context B consisted of a Macrolon Type III cage with fresh bedding material (42.5 × 26.5 cm × 15 cm).
The first day was used for adaptation: Animals were put into context A and after 120 s, the first of 6 tone stimuli (CS-; 10 s, 2.5 kHz, 80 dB SPL, interstimulus interval: 20 s) was presented. Two hours later, the animals were fear conditioned in context A. After 120 s acclimatization, three tone stimuli (CS+; 10 s; 10 kHz; 80 dB SPL) were presented which co-terminated with a 1 s, 0.4 mA foot shock applied via the floor grids. Again, the interstimulus interval was 20 s and the animals were left in the boxes for 120 s after the last foot shock. On the second day, two different retention tests were performed. First, contextual fear was tested by putting the animals for 10 min into context A. At least 2 h later, a second test was performed to evaluate cued fear. The animals were now put into context B and after 2 min, four times the CS-and then eight times the CS + was presented with an interstimulus interval of 20 s.
The infrared animal detection sensor frames were used to measure the activity of the animals. Freezing behavior was operationally defined as no infrared beam crosses for more than 1 s. This measure is highly correlated with manual scoring of freezing (e.g., Endres and Lessmann, 2012) .
Safety conditioning
For this experiment, the fear conditioning system described above was used. First, the mice were habituated to the transparent conditioning boxes for 2.5 min. On the following two days, two safety conditioning sessions were performed. In each session, the mice were placed into the boxes and exposed to five explicit unpairings of a tone stimulus (safety CS; 10 kHz, 85 dB30 s) and a scrambled foot shock (0.4 mA, 2 s). That means that each foot shock was presented at pseudorandomized time points between two presentations of the safety CS (mean interstimulus interval: 2 min, range: 1.5-2.5 min), but never closer than 30 s to a CS. Thirty seconds after the last stimulus, mice were returned to their home cage. On the fourth day, a retention test on conditioned safety was performed. The mice were put into the conditioning boxes and after 30 s, 5 tone stimuli were presented at an interstimulus interval of 1 min.
Statistical analysis
For statistical analysis, Prism 6.0 (GraphPad Software Inc., La Jolla, CA, USA) was used. All values are expressed as means ± standard error of the means (SEM). One-factor or two-factor analyses of variance (ANOVA), if appropriate with repeated measures, were used, followed by post-hoc comparisons (Holm-Sydak's).
Results
In most of the experiments, we tested male and female mice. In some of the behavioral measures, main effects of gender were detected (see below). However, since there was never an interaction between gender and genotype we decided -for the sake of clarity -to pool genders and show pooled data in the figures, but to describe the gender effects in the text. was used to evaluate potential genotype effects on basal locomotor behavior (distance traveled) and anxiety (immobility, time spent in the center). As depicted in Fig. 1 , the genotype of the animals did neither affect the distance traveled during the 10 min test ( 
Open field
Light-dark box
The light-dark box test is an established test for trait anxiety (Bourin and Hascoët, 2003; Cryan and Sweeney, 2011) . As shown in Fig. 2 , there were no genotype effects on different behavioral readout such as latency to enter the bright compartment ( Fig. 2A ; F 2,73 = 0.15, p = 0.86), number of entries into the bright compartment ( Fig. 2B ; F 2,73 = 1.99, p = 0.14), percent distance traveled in the bright compartment ( Fig. 2C ; F 2,73 = 1.15, p = 0.32), percent time spent in the bright compartment ( Fig. 2D ; F 2,73 = 2.14, p = 0.13), as well as in the total distance traveled ( Fig. 2A ; F 2,73 = 0.13, p = 0.88).
Regarding gender, there was an increased latency in male mice (data not shown; F 1,70 = 8.73, p = 0.004) as well as a trend for increased entries in female mice (F 1,70 = 3.11, p = 0.08). However, there were no further gender effects (Fs < 0.87, ps > 0.35) and importantly no interactions gender × genotype (Fs < 2. 08, ps > 0.13).
Stress and light-dark box
A different batch of animals was first exposed to mild foot shock stress and 10 days later, they were tested in the light-dark box. In general, the foot shock stress affected the behavior of the animals and this effect was -at least in some of the behavioral measures -more pronounced in β5i/LMP7-deficient mice. In detail, the number of entries into the bright compartment was significantly reduced by mild stress ( Fig. 3A ; F 1,42 = 6.07, p = 0.02) and there was a trend for a main genotype effect (F 1,42 = 4.06, p = 0.05), but these two factors did not interact (F 1,42 = 0.17, p = 0.96). In contrast, there were no main stress effects (Fs < 0.49, ps > 0.48) but significant main genotype effects (Fs > 6.24, ps < 0.02) on the percent time spent (Fig. 3B) or the distance traveled (Fig. 3C) in the bright compartment. However, posthoc tests revealed significant stress effects in β5i/LMP7-deficient mice (ts > 2.32, ps < 0.05) but not in their wildtype littermates (ts < 1.57, ps > 0.12). These genotype-specific stress effects were not seen in the plasma CORT levels (Fig. 3D) . Here, mild stress had a significant main effect (F 1,36 = 6.37, p = 0.02) but there were no genotype effects (F 1,36 = 0.28, p = 0.60) or interactions (F 1,42 = 0.0002, p = 0.99).
TMT-induced freezing
The predator odor TMT very efficiently induces immobility in rodents Hebb et al., 2002; Wallace and Rosen, 2000) . In our experiment, male mice expressed more immobility than female mice (data not shown; F 1,15 = 9.62, p = 0.007), but there was neither an interaction of gender with genotype nor with the odor effect (Fs < 3.49, ps > 0.08). Fig. 4A depicts the effect of TMT exposure on immobility (gender pooled). TMT robustly induced immobility (F 1,17 = 34.41, p < 0.0001). Immobility was generally increased in knockout mice (F 1,17 = 7.48, p = 0.01) and there was a trend for an interaction between genotype and odor (F 1,17 = 3.65, p = 0.07). To better evaluate the potential genotype effect on TMT-induced immobility, we also calculated a ratio representing the relative TMT effect ( Fig. 4B ; ratio = (immobility with TMT -immobility with water)/ (immobility with TMT -immobility with water). This ratio was clearly not affected by the genotype of the mice (t-test: t 17 = 0.77, p = 0.45).
Prepulse inhibition of the acoustic startle response
Prepulse inhibition of the startle response is an established behavioral paradigm to evaluate sensorimotor gating (Fendt and Koch, 2013) . We found a main effect of gender on startle magnitude (increased in males; data not shown; F 1,70 = 10.79, p = 0.002) but not on prepulse inhibition (F 1,70 = 1.16, p = 0.29). However, there were no interactions of gender with genotype (Fs < 0.65, ps > 0.53). Fig. 2 . The β5i/LMP7 genotype did not affect the behavior in the light-dark box test. Animals (WT: n = 39; HT: n = 16; KO: n = 31) were tested for 10 min. Depicted are latency to enter the bright compartment (A), number of entries into the bright compartment (B), percent time spent (C) and percent distance traveled (D) in the bright compartment, as well as the total distance (E) traveled during the 10 min test. Fig. 3 . Exposure to mild foot shock stress affected behavior in the light-dark box test and this effect was more pronounced in β5i/LMP7-deficient mice. Male mice (WT: n = 23; KO: n = 23) were exposed to 5 foot shocks and 10 days later tested in the light-dark box (10 min). Depicted are the number of entries into the bright compartment (A), percent time spent (B) and percent distance traveled (C) in the bright compartment, as well as the plasma corticosterone (CORT) levels (30 min after the light--dark box test). * p < 0.05 for main stress effects (A, D) or post-hoc Holm-Sidak's multiple comparison tests as indicated (B, C).
X. Gorny, et al. Brain, Behavior, and Immunity xxx (xxxx) xxx-xxx β5i/LMP7-deficiency did not affect the startle magnitude ( Fig. 5A ; F 2,73 = 1.58, p = 0.21). However, there was a trend for genotype effects on prepulse inhibition ( Fig. 5B + C ; F 2,73 = 2.96, p = 0.058), i.e. heterozygous β5i/LMP7-deficient mice tend to have impaired prepulse inhibition. This impairment was similar for all different prepulse intensities (factor prepulse intensity: F 3,219 = 113.9, p < 0.0001; interaction genotype × prepulse intensity: F 6,219 = 0.31, p = 0.93).
Fear conditioning
In several phases of the fear conditioning experiment, female mice showed or tended to show more freezing than male mice (data not shown; conditioning: F 1,44 = 1.99, p = 0.17; contextual fear: F 1,44 = 2.94, p = 0.09; cued fear: F 1,44 = 5.16, p = 0.03). However, throughout the experiment, there was never an interaction between gender and genotype (Fs < 1.06, ps > 0.35).
During the fear conditioning session, pairing the CS + with foot shocks led to an increase of freezing ( Fig. 6A ; factor trial number: F 2,94 = 8.06, p = 0.0006) indicating successful acquisition of conditioned fear. β5i/LMP7 genotype of the animals did not affect freezing during the conditioning session (F 2,47 = 0.72, p = 0.49) and did also not interact with trial number (F 4,94 = 0.54, p = 0.71). On day 2, first a retention test on contextual fear was performed. Again, genotype of the animals had no effects ( Fig. 6B ; F 2,47 = 0.88, p = 0.42). However, β5i/ LMP7-deficiency strongly affected the retention test of cued fear. In Fig. 6C , freezing to the CS-and CS during this test is depicted. There were main effects of genotype (F 2,47 = 3.25, p = 0.048) and of stimulus (CS-vs. CS+; F 1,47 = 51.83, p < 0.0001), as well as a significant interaction between trial type and genotype (F 2,47 = 4.04, p = 0.02). Post-hoc comparisons further demonstrated that all genotypes were able to differentiate between CS-and CS+ (Holm-Sydak's multiple comparisons: WT: t 19 = 2.44, p = 0.02; HT: t 10 = 3.87, p = 0.0007; KO: t 21 = 6.60, p < 0.0001) and that freezing induced by the CS + was significantly higher in β5i/LMP7-deficient mice (t 19/21 = 3.74, p = 0.0006). This genotype effects are confirmed by the analysis of the difference scores ( Fig. 6D; F 2 ,47 = 4.04, p = 0.02). Here, post-hoc comparisons with the wildtype animals revealed a trend for heterozygous animals (t 19/10 = 1.70, p = 0.096) and again a significant effect in the β5i/LMP7-deficient mice (t 19/21 = 2.78, p = 0.02).
Safety conditioning
In contrast to the fear conditioning experiment, there were no gender effects in the safety conditioning experiment (data not shown; F 1,31 = 1.11, p = 0.30). As depicted in Fig. 7A , there was a robust freezing-attenuating effect of the safety CS (F 1,31 = 35.10, p < 0.0001) but neither a main genotype effect (F 2,30 = 0.53, p = 0.59) nor an interaction between genotype and the safety effect (F 2,30 = 0.21, p = 0.81). The robust safety effect is confirmed by post-hoc comparisons revealing significant differences between freezing in the "pre CS" phase and freezing during the safety CS in all genotypes (Holm-Sydak's comparions: ts > 2.90, ps < 0.007). Notably, contextual freezing (pre CS phase) was also not affected by genotype in this experiment (F 2,30 = 0.44, p = 0.65) confirming the data of the fear conditioning experiment above.
In addition to freezing behavior, we also analyzed foot shock induced activity in the fear and safety conditioning experiments (Fig. 7B ) since altered activity to foot shock may indicated altered perception of foot shocks. In both experiments, foot shocks of different duration were used which affected the induced activity (F 1,81 = 71.83, p < 0.001). However, there were no genotype effects (F 2,81 = 1.04, p = 0.36) or an interaction between genotype and foot shock duration (F 2,81 = 0.07, p = 0.93). In addition, gender of the animals had no effects and did not interact with the other factors (Fs < 0.94, ps > 0.33).
Discussion
The aim of the present study was to investigate the role of impaired IP formation in different basic behavioral processes. For this, we tested β5i/LMP7-deficient mice in different behavioral paradigms that are well established for a basic characterization of transgenic mice (Duangdao et al., 2009; Fendt et al., 2011; Jacobson et al., 2007; Khalil Fig. 4 . TMT-induced immobility was not affected by the genotype of the mice. Animals (WT: n = 9; KO: n = 10) were exposed to water or TMT for 10 min. Depicted is the time spent immobile during exposure to water or TMT, respectively (A). The relative TMT effect (B) was calculated by the ratio (immobility with TMT -immobility with water)/(immobility with TMT -immobility with water). * p < 0.05, ** p < 0.01; post-hoc Holm-Sidak's multiple comparisons after ANOVA. Fig. 5 . The acoustic startle response was not affected by β5i/LMP7 deficiency. There was a trend for impaired prepulse inhibition in heterozygous mice. Animals (WT: n = 29; HT: n = 16; KO: n = 31) were tested for the acoustic startle response and for prepulse inhibition. Depicted is the mean startle magnitude (A), the mean prepulse inhibition (B) and prepulse inhibition as a function of prepulse intensity (C).
X. Gorny, et al. Brain, Behavior, and Immunity xxx (xxxx) xxx-xxx and Fendt, 2017) . First, we examined the effects of constitutive β5i/ LMP7 deficiency on locomotor and exploratory activity by the open field test (Fig. 1A) and the light-dark box paradigm (Fig. 2E) . In both tests, the assessed total traveled distance was unaffected by the genotype of the animals. Furthermore, the time spent immobile in the open field was not affected (Fig. 1B) . These findings indicate that β5i/LMP7 is dispensable in gross locomotor abilities, as well as in the motivation to explore novel environments. Notably, we did not test fine-motor skills and can, therefore, not exclude that such skills are affected by β5i/LMP7 deficiency. Next, we tested anxiety behavior of β5i/LMP7-deficient mice in three different paradigms. The open field test offered a first read-out for anxiety. Mice do not like the absence of thigmotactic cues (Simon et al., 1994) and, thus, avoid entering the center of the open field. As shown in Fig. 1C , β5i/LMP7 deficiency did not affect the time the mice spent in the center of the open field indicating that anxiety levels are similar in the different tested genotypes. This was further confirmed by the light-dark box paradigm (Fig. 2) , in which a conflict between the drive of the mice to explore novel environments and the innate tendency to avoid bright areas (Bourin and Hascoët, 2003; Cryan and Holmes, 2005) is introduced. By testing four different behavioral measures, which all are dependent on anxiety, we observed no differences between the two genotypes ( Fig. 2A-D) .
To further analyze the mice's defensive behavior towards predator threats, we exposed them to the predator odor compound TMT, which is known to innately induce immobility, i.e. freezing behavior in rodents Rosen et al., 2015) . Although the effect of TMT appeared to be a little bit more pronounced in β5i/LMP7-deficient mice (Fig. 4A) , we also observed a slight increased immobility during the control condition (exposure to water). Therefore, we calculated the ratio of immobility during the control condition and immobility during TMT exposure. This ratio was not affected by the animals' genotype (Fig. 4B) . Taken together, the results of these three behavioral paradigms do not argue for increased anxiety levels in β5i/LMP7-deficient mice.
Anxiety levels in humans and animals can be increased by stress exposure (Chotiwat and Harris, 2006) and it is known that pro-inflammatory processes play a role in stress-increased anxiety (DizChaves et al., 2013; Maes et al., 1998) . Therefore, we exposed mice to mild foot shock stress and tested them 10 days later in the light-dark box. Under these conditions, we observed a decrease in the number of entries in the light-dark box (Fig. 3A) , indicating increased anxiety, and a mild increase in corticosterone plasma levels (Fig. 3D ) in both genotypes. Notably, in β5i/LMP7-deficient mice the exposure to mild stress significantly decreased the percent time and distance in the light-dark box compared to wildtype mice (Fig. 3B + C) indicating that β5i/ LMP7-deficient mice are more sensitive to the effects of mild stress on anxiety.
We also tested whether β5i/LMP7 deficiency affected the acoustic startle response and its inhibition by prepulses. The rationales for these tests were that the startle magnitude is often increased in animals with more trait anxiety and that dysregulated pro-and anti-inflammatory processes are observed in several neuropsychiatric diseases with impaired prepulse inhibition (Koch, 1999; Meyer, 2013) . In our experiments, we did not observe significant changes in startle magnitude or prepulse inhibition (Fig. 5) . Homozygous β5i/LMP7-deficient mice were clearly not different from their wildtype littermates. However, there was slightly impaired prepulse inhibition in heterozygous β5i/ LMP7-deficient mice, which failed to reach significance level despite relatively large group sizes. Future experiments should verify this trend for impaired prepulse inhibition. The potential phenotype in heterozygous but not in homozygous β5i/LMP7-deficient mice could be a Fig. 6 . β5i/LMP7 deficiency enhanced the memory on cued fear. Animals (WT: n = 19; HT: n = 10; KO: n = 21) fear conditioned and, one day later, tested for contextual and cued fear. Depicted is the mean freezing behavior during conditioning (A), the retention test on contextual fear (B) and cued fear (C), as well as the differences between freezing induced by the CS-and freezing induced by the CS + (D). * p < 0.05; post-hoc Holm-Sidak's comparisons after ANOVA. Fig. 7 . β5i/LMP7 deficiency did not affect safety learning, as well as locomotor activity induced by the foot shocks during fear conditioning and safety conditioning training. Animals (WT: n = 11; HT: n = 11; KO: n = 11) safety conditioned. In the retention test, the effect of the safety CS on contextual fear was tested (A). Depicted is the mean freezing behavior to the conditioning context (pre CS) and during presentations of the safety CS. Panel (B) shows the locomotor activity during the foot shocks which were used during fear and safety conditioning. ** p < 0.01; post-hoc Holm-Sidak's comparisons after ANOVA.
X. Gorny, et al. Brain, Behavior, and Immunity xxx (xxxx) xxx-xxx result of compensatory cellular mechanisms that come into play under a complete lack of β5i/LMP7, but do not apply as long as the subunit is present at some level. Furthermore, it could be tested whether the heterozygous β5i/LMP7-deficient mice are more sensitive to environmental or pharmacological interventions leading to prepulse inhibition deficits. Our last two experiments were focused on fear and safety learning. In these tests, mice learn to associate a cue with an aversive event (fear learning) or with the absence of aversive events during cue presentation (safety learning). During fear conditioning, β5i/LMP7-deficient mice did not differ to their wildtype littermates (Fig. 6A) . Although contextual fear was not affected (Fig. 6B) in the retention tests, we observed a significant increase in cued fear (Fig. 6C + D) . Interestingly, in heterozygous mice there was a trend for increased cued fear which did not reach significance level. In the last experiment, we could confirm that a learned safety cue inhibits fear (Ostroff et al., 2010; Pollak et al., 2010) since the safety CS effectively attenuated contextual fear without any differences between the tested genotypes (Fig. 7A) . Importantly, the locomotor response to the foot shocks used during fear and safety learning was also not affected (Fig. 7B) . This indicates that the increase in cued fear in the β5i/LMP7-deficient mice cannot be explained by a different processing of the aversive foot shocks.
Taken together, β5i/LMP7-deficient mice expressed more anxiety after mild stress and increased cued fear after fear conditioning. These two behavioral tests have in common that animals were first exposed to foot shocks and then, one or ten days later, tested for anxiety or fear, respectively. Exposure to foot shocks leads to an acute but also to a long-lasting activation of the hypothalamic-pituitaryadrenal stress axis and associated plasticity-related mechanisms, which make the mice more sensitive to anxiety-and fear-inducing stimuli (van Dijken et al., 1993; Van Dijken et al., 1992) . Our data indicate that these processes at least in part are enhanced byβ5i/LMP7 deficiency, which eventually leads to increased anxiety and fear levels. However, an obvious question is whether the expression of the other IP isoforms is altered in β5i/ LMP7-deficient mice. Actually, β1i/LMP2 expression in the brain S2 fractions containing mainly soluble cytosolic proteins was down-regulated by approximately 90% in homozygous β5i/LMP7-deficient mice ( Supplementary Fig. 1 ). In the heterozygous β5i/LMP7-deficient mice, β5i/LMP7 and β1i/LMP2 was down-regulated by approximately 30 and 50%, respectively. This might explain the intermediate phenotype of the heterozygous β5i/LMP7-deficient mice in the fear conditioning experiment. In our animals, the expression of β2i/MECL-1was not or only slightly affected by β5i/LMP7 deficiency, while the majority of present literature data indicate that down-regulation of β5i/LMP7 and/ or β1i/LMP2 also leads to down-regulation of β2i/MECL-1 (e.g. Groettrup et al., 1997; Opitz et al., 2011) .
Several findings in the literature indeed support that disturbances in cellular protein homeostasis caused by impaired degradation capacity of β5i/LMP7-deficient proteasomes (Seifert et al., 2010) can affect plasticity-related mechanisms. Proteasome inhibition by lactacystin resulted in an enhanced induction of hippocampal late-phase long-term potentiation (L-LTP), the proposed cellular analog of LTM (Dong et al., 2008) . In contrast, the maintenance of L-LTP was impaired upon proteasome inhibition due to accumulation of translational repressor proteins during late stages of L-LTP indicating a direct interaction between protein degradation and protein synthesis. In this regard, it has been shown that proteasome inhibition can rescue memory impairments that result from anisomycin-induced blockade of protein synthesis following memory retrieval (Jarome et al., 2011; Lee et al., 2008) . Both mechanisms, protein degradation as well as protein synthesis, seem to be regulated by the activation of NMDA receptor dependent signaling pathways and this activation also induces ubiquitination, retranslocation and presumably degradation of NMDA receptors by the UPS (Kato et al., 2005) .
Our results showed enhanced anxiety after mild stress and enhanced cued fear after fear conditioning, which could also be caused by alterations in the process of forgetting. Whereas induction and persistence of LTP are crucial for LTM formation, AMPA receptor trafficking at postsynaptic sites determines LTP decay and forgetting (Sachser et al., 2017) . Here, ubiquitination is utilized as an internalization signal for AMPA receptors, however, in this scenario, regulated by proteasome-independent ubiquitination. Thus, our observations can also be explained by the impaired capacity of protein substrate degradation of immunoproteasome deficient neural cells which results in disturbances of proteasome-mediated degradation in the induction, maintenance, and decay of plasticity-related processes.
Analysis of β5i/LMP7-deficient mice revealed a reduction of MHC class I molecules up to 45%, which can be explained by the impaired generation of antigenic peptide fragments and as consequence a decreased stability of MHC class I molecules on the cell surface (Fehling et al., 1994) . Interestingly, recent findings point to an unexpected, novel role for MHC class I molecules in the nervous system (Shatz, 2009) . So far, MHC class I expression has been exclusively associated with antigenic peptide presentation to induce responses by specific cytotoxic CD8 + T lymphocytes (Strehl et al., 2005) . Moreover, MHC class I molecules display major functions in synaptic structures involved in plasticity-related processes (Boulanger and Shatz, 2004; Lee et al., 2014) . In the developing brain, Glynn and colleagues observed a negative correlation between MHC class I level and cortical synapse density (Dixon-Salazar et al., 2014; Glynn et al., 2011) . In addition, MHC expression negatively regulated the strength of excitatory synapses, but did not affect inhibitory synapses indicating that alterations in MHC class I expression level could trigger changes in activity-dependent plasticity. Alterations in synaptic plasticity could also be demonstrated by analyzing MHC-deficient mice which showed an enhanced LTP and absent LTD in the hippocampus (Huh et al., 2000) and in the nucleus accumbens (Edamura et al., 2014) . In sum, these results suggest an important role for MHC class I molecules in learning and memory and other cognitive processes. This means that our findings of increased anxiety and fear behavior could also be explained by changes in plasticity-related processes due to diminished MHC class I expression by β5i/LMP7-deficiency.
In addition to the postulated potential changes in neural function, the underlying mechanism could also be influenced by indirect changes within the immune system. Publications on rare inflammatory diseases associated with mutations of the PSMB8 gene revealed elevated levels of IL-6, IFN-y and the IFN-y inducing protein 10 in patients (Agarwal et al., 2010; Arima et al., 2011; Kitamura et al., 2011; Liu et al., 2012) and are consistent with studies showing that LMP7 also plays an important role in cytokine production (Muchamuel et al., 2009) . Although these findings are connected to pathological conditions, they may also be relevant for the CNS and possibly normal brain functions.
Lastly, it should be mentioned that we here tested mice at an age of 2-6 months. As discussed in the introduction changes in IP may contribute to age-related impairments and diseases. Therefore, it would be meaningful to test also middle-aged and aged β5i/LMP7-deficient mice.
In fact, we previously tested some middle-aged and aged β5i/LMP7-deficient mice in fear conditioning. In middle-aged animals (8-12 months; ns = 3-6/group), the lack of β5i/LMP7 caused the same increase in cued fear as in younger animals. Our tests in aged animals (12-15 months) were non-conclusive due to strong sensory deficits in individual animals.
Conclusion
The present study tested β5i/LMP7-deficient mice in different basic behavioral tests and found significant increases in anxiety after mild stress and in cued fear memory after fear conditioning. We speculate that these behavioral effects are caused by changes in plasticity-related processes, either directly via the modulation of LTP and LTM formation by the lack of β5i/LMP7 or indirectly by MHC class I reduction. Thus, the finely balanced β5i/LMP7 expression and/or an unimpaired immunoproteasome formation seem to play a considerable role in the regulation of anxiety and cued fear, and possibly even for normal brain function. Future studies should be focused on elucidating the underlying mechanisms.
